Background: Epinephrine is a component of all resuscitation algorithms. Vasopressin is a pulmonary vasodilator and systemic vasopressor. We investigated the effect of epinephrine vs. vasopressin on survival and hemodynamics after neonatal porcine cardiac arrest (CA). Methods: A 4-min asphyxial CA was induced, after which cardiopulmonary resuscitation (CPR) was commenced. Animals were randomized to low-(LDE: 0.01 mg/kg) or high-dose epinephrine (HDE: 0.03 mg/kg), low-(LDV: 0.2 U/kg) or high-dose vasopressin (HDV: 0.4 U/kg), or control (saline). Clinical and echocardiography indexes were monitored. results: Sixty-nine animals were randomized. Survival was greater in HDV (n = 8 (89%); P < 0.05 ANOVA) vs. control (n = 7 (43%)) and LDE (n = 5 (36%)) but not vs. HDE (n = 7 (64%)) or LDV (n = 6 (75%)). Animals resuscitated with LDE required more shocks (2.5 (interquartile range: 2-6); P < 0.05) and higher doses of energy (15 J (interquartile range: 10-20); P < 0.05). Left ventricular output was comparable between groups, but a greater increase in superior vena caval flow was seen after HDV (P < 0.001 vs. control, LDE, and HDE). Plasma troponin was greatest in the HDE group (P < 0.05 vs. control and HDV). conclusion: Vasopressin results in improved survival, lower postresuscitation troponin, and less hemodynamic compromise after CA in newborn piglets. Vasopressin may be a candidate for testing in human neonates. t he need for active neonatal resuscitation is common with an incidence of 5-10%, although there is likely to be regional variability (1). Guidelines for drug use in neonatal resuscitation guidelines are based on extrapolations from adult literature. Pressors, almost invariably epinephrine, are recommended as core therapy during cardiopulmonary resuscitation (CPR) in order to enhance systemic perfusion (especially cerebral and coronary perfusion) by maintaining vascular tone while forward flow is generated by chest compressions. Epinephrine, although an integral part of every published protocol for neonatal resuscitation, may be associated with adverse effects (2-6); similar concerns exist in pediatric and adult cardiac arrest (CA). However, because of concerns associated with epinephrine (2,7), vasopressin was studied in the setting of asystolic CA. Vasopressin is an intense systemic vasoconstrictor, which may explain why it increases cerebral (and systemic) perfusion during experimental cardiac massage, as well as increasing cerebral oxygenation, neurological outcome, and resuscitation success following experimental CPR (8) (9) (10) (11) (12) .
t he need for active neonatal resuscitation is common with an incidence of 5-10%, although there is likely to be regional variability (1) . Guidelines for drug use in neonatal resuscitation guidelines are based on extrapolations from adult literature. Pressors, almost invariably epinephrine, are recommended as core therapy during cardiopulmonary resuscitation (CPR) in order to enhance systemic perfusion (especially cerebral and coronary perfusion) by maintaining vascular tone while forward flow is generated by chest compressions. Epinephrine, although an integral part of every published protocol for neonatal resuscitation, may be associated with adverse effects (2) (3) (4) (5) (6) ; similar concerns exist in pediatric and adult cardiac arrest (CA). However, because of concerns associated with epinephrine (2,7), vasopressin was studied in the setting of asystolic CA. Vasopressin is an intense systemic vasoconstrictor, which may explain why it increases cerebral (and systemic) perfusion during experimental cardiac massage, as well as increasing cerebral oxygenation, neurological outcome, and resuscitation success following experimental CPR (8) (9) (10) (11) (12) .
Vasopressin was first proposed as a resuscitation agent after endogenous vasopressin levels were found to be higher in successfully resuscitated patients compared with those who died (13) . Evidence from a large, adult, multicenter, randomized controlled trial suggests it to be superior to epinephrine, when the nature of the CA was primary asystole (14) . For the following reasons, vasopressin may be a good candidate for pressor support during CPR. First, CA in neonates is almost always due to asphyxia, which most commonly causes asystolic CA, the type of arrest in which vasopressin appears more effective in adult studies. Second, pulmonary vascular resistance is characteristically more prominent in neonates, especially in those at risk of asphyxia arrest, and the combined pulmonary vasodilator and systemic vasoconstrictor properties of vasopressin may make it an ideal support drug in this context. We therefore performed a comparative evaluation of vasopressin and epinephrine in a neonatal porcine model of asphyxial CA.
RESULTS
Sixty-five neonatal piglets satisfied eligibility criteria and were randomized. Return of spontaneous circulation (ROSC) occurred in nine animals before allocation to treatment; these animals were excluded from final analysis. There were no between-group differences in baseline characteristics (see Supplementary Table S1 online). Survival rate was higher following high-dose vasopressin (HDV) (n = 9/10 (90%)) vs. either control (n = 5/12 (43%); P = 0.03) or low-dose epinephrine (LDE) (n = 5/13 (38%); P = 0.006) (Figure 1) . Comparisons with high-dose epinephrine (HDE) (n = 6/11 (54%)) and low-dose vasopressin (LDV) (n = 7/10 (70%)) and between all other groups were not significant.
Requirement for Defibrillation
In total, 21 (32%) animals were noted to have fine ventricular fibrillation (VF); specifically control = 3, LDE = 6, HDE The postresuscitation period was characterized by tachycardia (P < 0.001 vs. time, two-way repeat measures ANOVA (2rmANOVA)), higher arterial (P < 0.001 vs. time, 2rmANOVA) and central venous pressure (P < 0.001 vs. time, 2rmANOVA), higher coronary perfusion pressure (P < 0.001 vs. time, 2rmANOVA), higher mean airway pressure (P < 0.001 vs. time, 2rmANOVA), and lower core body temperature (P < 0.001 vs. time, 2rmANOVA) ( Table 1) . Although arterial pressure increased in the first 10 min, systolic arterial pressure remained was low by 120 min in LDE and LDV groups (P < 0.05 vs. baseline) only. Postresuscitation diastolic pressure was also low in LDV-resuscitated animals (P < 0.05 vs. baseline). An increase in airway pressure was seen in control, LDE, and HDE groups but not in either of the vasopressin-resuscitated groups. We found intergroup differences in heart rate (P = 0.03, 2rmANOVA) only, which was higher in all groups at 120 min vs. control (P < 0.05). Increased PaO 2 (P < 0.001 vs. time, 2rmANOVA), PaCO 2 (P < 0.001 vs. time, 2rmANOVA), and base excess (P < 0.001 vs. time, 2rmANOVA) with lower arterial pH (P < 0.001 vs. time, 2rmANOVA) were seen in all groups ( Table 2) . There were intergroup differences in base deficit in HDE, LDV, and HDV groups (P < 0.05 vs. control) at 60, 90, and 120 min.
Echocardiography Variables
Complete evaluations were obtained on all survivors.
Systemic hemodynamics.
In all groups, the postresuscitation period was characterized by a fall in indexes of left heart preload (E wave V max (P = 0.002 vs. time, 2rmANOVA); A wave A max (P = 0.002 vs. time, 2rmANOVA)), left ventricular (LV) systolic performance (fractional shortening (P < 0.001 vs. time, 2rmANOVA); mean velocity of circumferential fiber shortening (P < 0.001 vs. time, 2rmANOVA)), LV diastolic performance (isovolumic relaxation time; P < 0.001 vs. time, 2rmANOVA), and systemic flow (LV output (LVO) P < 0.001 vs. time, 2rmANOVA; superior vena caval flow (P < 0.001 vs. time, 2rmANOVA)). Although an increase in systemic vascular resistance was noted in all groups (P < 0.001), there was no change in end-systolic wall stress ( Table 3) . Epinephrineresuscitated animals had lower superior vena caval flow (P < 0.05 vs. control), whereas HDV-resuscitated animals had higher superior vena caval flow. Prolongation of isovolumic relaxation time was also noted in both vasopressin-resuscitated groups (P = 0.01 vs. control), peaking at 60 and 90 min.
Pulmonary hemodynamics.
A decrease in the inverse ratio of pulmonary artery acceleration time to right ventricular ejection time was noted in vasopressin-resuscitated animals † P < 0.05 vs. control group; ‡ P < 0.05 vs. low-dose epinephrine (LDE); white column fill, control-resuscitated animals; black column fill, epinephrine-resuscitated animals; gray column fill, vasopressin-resuscitated animals. HDE, high-dose epinephrine; HDV, high-dose vasopressin; LDV, low-dose vasopressin. HDV 7.7 ± 1.8 9.5 ± 2.6 9.8 ± 1.9 8.6 ± 1.8 6.7 ± 1.5 5.3 ± 1.7 7 ± 1. Vasopressin and neonatal resuscitation Articles (P < 0.05 vs. control) suggestive of lower pulmonary vascular resistance, whereas an increased ratio was seen in control and LDE-resuscitated animals (P < 0.05 vs. control). There was a late fall in right ventricular output in both epinephrine-resuscitated groups (P < 0.05 vs. control), whereas right ventricular output was preserved in both vasopressin-resuscitated groups.
Catecholamine and Troponin Levels
An increase in plasma levels of norepinephrine, epinephrine, and dopamine (Figure 3a-d) was noted in all groups (P < 0.001 vs. baseline) although postresuscitation levels of dopamine were lower in the LDV group (P < 0.05 vs. control). While an increase in plasma troponin (P < 0.05 vs. baseline) was demonstrated in all groups, the magnitude of the rise in troponin level was greatest in HDE-resuscitated animals (P < 0.05 vs. control, 2rmANOVA) (Figure 3b ). We found no difference in wet: dry ratio between groups (P > 0.05 vs. control, one-way ANOVA).
DISCUSSION
In a neonatal porcine model of asphyxia CA, vasopressin led to improved survival vs. the current standard of care, less myocardial injury, decreased need for defibrillation, and less compromise to upper body perfusion. This is the only randomized comparison of any resuscitation medication in the setting of neonatal resuscitation. These data amplify evolving concerns regarding the suitability of LDE as the resuscitation agent of choice in neonates.
Epinephrine May Lead to Harm in Neonates
Animals resuscitated with LDE were less likely to survive and more likely to need defibrillation, which may reflect direct myocardial toxicity or inadequate dosing. Higher doses of epinephrine are associated with hemodynamic effects (e.g., hypertension, tachycardia) known to be caused by elevated levels of circulating catecholamines. The increase in catecholamines in all groups in this experiment is consistent with previous reports, although the magnitude of the rise in plasma dopamine levels was less in LDV-resuscitated animals. It is worth noting that dopamine levels were highest, although not statistically significant, in LDE-resuscitated animals that also needed the greatest amount of defibrillation, whereas levels were lowest in LDVresuscitated animals that needed the least amount of defibrillation. A recent observation in adult pigs noted differential changes in epinephrine or norepinephrine levels compared with 
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Articles dopamine levels after recurrent VF, suggesting a dichotomy of responsiveness in the face of myocardial toxicity (15) . In addition, β-adrenergic-mediated cardiac toxicity, well described in animal (2, (16) (17) (18) and human (adult (19) , pediatric (20) ) studies, may lead to postresuscitation myocardial dysfunction (2, (16) (17) (18) and subsequent mortality. The hemodynamic consequences of ) did not increase the rate of ROSC and was associated with increased mortality (20) . Nonetheless, in the absence of alternative data, epinephrine is still considered to be the resuscitation agent of choice in asystolic CA (3) despite the absence of appropriate clinical comparisons (22) . Our findings of higher postresuscitation troponin and lower myocardial performance in the epinephrine-resuscitated groups are consistent with previous experimental reports (17, 23) . These effects are thought to be due to its cardiac β effects, causing a precipitous increase in myocardial oxygen demand leading to myocyte necrosis and myocardial dysfunction. There is evidence that the neonatal porcine myocardium, when compared with adult pigs, is more susceptible to catecholamine-induced cardiotoxicity (23) . Such effects result in reduced myocardial compliance and are associated with sarcolemmal rupture and increased cytoplasmic calcium deposition. The increase in airway pressure in epinephrine-resuscitated animals may relate to LV diastolic dysfunction with secondary pulmonary venous hypertension leading to pulmonary edema, although we are not able to validate the physiology in this experimental design. Finally, the finding of increased need for defibrillation in LDE is novel and may also relate to myocardial toxicity and increased propensity to VF of an immature myocardium (24) . It is worth noting that LDEresuscitated animals had lower aortic diastolic perfusion pressure and LVO in the early postresuscitation phase, which may also further compromise coronary artery flow therein promoting myocardial fibrillation. The detection of fine VF in neonatal piglets is novel, but the frequency is surprising and warrants prospective investigation in human neonates.
Vasopressin Appears a Plausible Alternative to Epinephrine
Vasopressin is a 9-amino acid peptide, commonly known as anti-diuretic hormone, whose activity is modulated by three receptors, (V 1-3 ) . The V 1 receptors are G-protein receptors mediating vascular smooth muscle contraction via inositol triphosphate and phospholipase C, thereby directly increasing systemic vascular resistance (25) , which enhances coronary artery perfusion. Several adult animal experimental models, . Vasopressin appears to be more effective than epinephrine, as adjunctive therapy, in the treatment of adults with VF and pulseless electrical activity. A recent large multicenter randomized controlled trial in adults found that for patients in whom the primary rhythm disturbance was asystole, vasopressin was superior to epinephrine with a higher proportion of victims surviving to reach hospital admission (29.0 vs. 20.0%; P = 0.02) and a higher rate of early hospital discharge (4.7 vs. 1.5%; P = 0.04) (14) . In a recent case series of rescue vasopressin (0.4 U/kg) for witnessed CA (at least two doses of epinephrine) in children, ROSC was achieved in three of six cases. The improvement in survival in vasopressin-resuscitated neonatal piglets is striking and the benefit may result from the following effects. First, vasopressin will cause intense systemic vasoconstriction despite the presence of extreme acidosis, unlike epinephrine (30) . Second, it acts directly on the coronary artery to induce vasodilation (31) , which may be beneficial in enhancing coronary perfusion pressure during CA. Finally, in contrast to epinephrine, which significantly increases myocardial oxygen consumption through β 1 -adrenergic receptor activation, vasopressin enhances myocardial oxygen delivery (32) and may increase contractility by preserving myocardial energetics (33) . The V 1 receptor has also been shown to induce a negative inotropic effect due to an increase in calcium levels in the cardiac myocytes (33); however, we identified no adverse effect on systolic function, which may be a true lack of effect or may relate to sample size. In the clinical setting of perinatal asphyxia, where extremes of acidosis and pulmonary hypertension are common, vasopressin may be a more physiologically effective resuscitation agent.
Impact of Vasopressin on Myocardial Performance
In a porcine model of VF arrest, maximal organ blood flow was achieved with 0.8 U/kg of vasopressin (32) . In a similar experimental design, 0.4 U/kg of vasopressin provided higher systemic blood pressure, lower pulmonary vascular resistance, and a reversible depressant effect on myocardial function, compared with epinephrine (27) . In the current study, we found no depressant effect of vasopressin on myocardial systolic or diastolic function. There was, however, an overall decline in LVO, but no group differences were seen. There were, however, albeit transient, intergroup differences in superior vena caval flow; lower flow was seen in both epinephrine-resuscitated groups compared with HDV-resuscitated animals with peak changes at 30-60 min after successful ROSC. The latter observation may relate to redistribution in blood flow or an indirect effect of vasopressin on cerebral blood flow, although these observations are speculative. In a pediatric (porcine) model of VF arrest, vasopressin, alone or in combination with HDE, significantly improved total cerebral blood flow during CPR (28) . The authors speculate that improvements in brain perfusion may relate to vasopressin-mediated nitric oxide release and cerebral vasodilation. The preservation of right ventricular output and lack of elevation of pulmonary vascular resistance observed in the current study may relate to the differential effect of vasopressin on the pulmonary vascular bed. Vasopressin has been shown to lower pulmonary arterial pressure in rats with hypoxic pulmonary hypertension, through activation of the V 1 receptor (34) . It has been speculated that these pulmonary vasodilator properties may be mediated, in part, by modulation of nitric oxide release (35, 36) . Canine pulmonary arteries, mounted in an organ bath and preconstricted with phenylephrine, have been shown to vasodilate in response to vasopressin (37) . It is possible that there may be independent effects of either agent on right ventricular function, but the latter is difficult to assess using echocardiography.
Limitations
It is possible that the beneficial effects on survival and myocardial function may be species specific due to variability in numbers and binding of receptors or other pharmacokinetic factors; therefore, caution must be exercised in generalization or extrapolation to human neonates. Second, the dose of T2 T10  T30  T60  T90  T120 A-III (Final)
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vasopressin chosen was extrapolated from adult human studies. Third, healthy term newborn piglets were used for this experimental paradigm, whereas in the clinical setting neonates would invariably have significant preexisting cardiopulmonary compromise. Next, it is important to recognize that this experimental model more closely resembles postnatal "in-NICU" CA and is not as reflective of the delivery room situation where transitional cardiac and lung physiology differ significantly. Finally, only short-term outcomes were studied; there may be long-term effects that are not addressed in this study design.
Conclusion
In the setting of a neonatal piglet model of asphyxia CA, vasopressin results in improved survival, less myocardial necrosis, and a lower requirement for defibrillation although the benefit to postresuscitation hemodynamics was inconsistent. The data also reaffirm prior concerns that higher doses of epinephrine do not improve resuscitation success or overall survival rates and may be associated with hyperadrenergic states and postresuscitation myocardial dysfunction. The identification of fine VF on the electrocardiograph and echocardiography is novel and requires future investigation in human neonates. Changes to standard resuscitation protocols must await evidence of either harm resulting from a therapeutic intervention or evidence of substantial benefit from an alternative therapy with an acceptable safety profile. These data may guide future studies in neonates preparing for testable hypotheses and if positive modification of resuscitation guidelines.
METHODS

Study Design
Prospective randomized blinded placebo-controlled study of intravenous epinephrine and vasopressin in a neonatal porcine model of asphyxial CA.
Hypothesis
The primary hypothesis was that vasopressin is a more effective resuscitation agent than epinephrine for neonatal asphyxial CA and would lead to improved survival. We also hypothesized that epinephrine is associated with hemodynamic instability and impaired postresuscitation myocardial performance leading to increased mortality.
Study Population
Healthy neonatal female Yorkshire piglets (3-4 kg, <3 d old) fasted (free access to water) overnight prior to experimentation. They were managed in accordance with the guidelines of the Canadian Council for Animal Care. Institutional ethics board approval was obtained from the animal care committee at the Hospital for Sick Children (Approval number 8203).
Specific Aims
The primary aim was to compare the effects of intravenous vasopressin (high vs. low dose) and intravenous epinephrine (high vs. low dose) on postresuscitation survival. The secondary aims were to compare the effects of each intervention on ROSC, pulmonary hemodynamics, myocardial performance, and biological indexes of myocardial toxicity. Anesthesia. Animals were first premedicated intramuscularly with ketamine 22 mg/kg and acepromazine 1.1 mg/kg. Anesthesia was induced intravenously with pentobarbital 30 mg/kg and maintained at an infusion rate of 0.2 mg/kg/min. Neuromuscular blockade was achieved with pancuronium 0.1-0.2 mg/kg.
Instrumentation. Animals were intubated with a size of 3.0-3.5 endotracheal tube. Two 20-gauge catheters were inserted into ear veins, for maintenance of fluids and drug administration. A 3.5 F salinefilled catheter was inserted into the carotid artery for withdrawal of arterial blood samples and measurement of arterial blood pressure. Another 3.5 F saline-filled catheter was placed in the right atrium, via femoral cutdown, to measure right atrial pressure and for drug or fluid administration. Aortic and right atrial pressures were measured with the micromanometer catheters (Millar Instruments, Houston, TX) attached to transducers (model 1290A, Hewlett Packard, Palo Alto, CA) calibrated to atmospheric pressure at the level of the right atrium.
Prerandomization Stabilization and Monitoring
Piglets were ventilated in room air with a time-cycled, volume ventilator (model 683, Harvard Apparatus, South Natick, MA) for small animals (tidal volume (V T : 8 ml/kg, positive end expiratory pressure: 4 cm H 2 0, rate: 40/min), adjusted to maintain normoxemia and normocapnia. Muscle relaxation was achieved with a bolus of pancuronium sulfate 0.1 mg/kg followed by a continuous infusion of 0.2 mg/kg/h. A Ringer's solution (Baxter, Mississauga, ON, Canada) (4 ml/kg/h) was infused in the preparation phase, before induction of the CA and during the postresuscitation phase. Core body temperature was monitored using an esophageal probe (model 50-7079-F, Harvard Apparatus) and maintained with a homeothermic blanket. Cardiac rhythm was monitored using a standard II lead electrocardiogram. Baseline heart rate, mean arterial pressure, and airway pressure were documented. An arterial blood gas was drawn for analysis, using an automated blood gas analyzer (ABL 700, Radiometer, Copenhagen, Denmark). Blood glucose was measured from the same sample to ensure that the animals were not hypoglycemic (data not presented).
Randomization and Treatment Allocation
Animals were randomized only after stable physiological parameters were met. Randomization was achieved using computer-generated random numbers and sealed envelopes. Both the resuscitator and sonographer were blinded to the treatment allocation. Animals (minimum of n = 8 per group to ensure at least five survivors per group) were randomized to receive an intravenous bolus of 0.1 ml/kg of one of the following groups: LDE (0.01 mg/kg), HDE (0.03 mg/kg), LDV (0.2 U/kg), HDV (0.4 U/kg), or control (0.9% saline). Blinding was achieved as follows: no drug (control) epinephrine (50 mg (0.01 mg/ kg) or 150 mg (0.03 mg/kg)) or vasopressin (1,000 U (0.2 U/kg) or 2,000 U (0.4 U/kg)) were added to five (500 ml) bags of 0.9% saline labeled (A-E) by an independent person. This ensured the treatment allocation equates to a consistent volume of 0.1 ml/kg.
CA and Resuscitation Protocol
Following the completion of the baseline assessment, CA was induced by disconnecting the endotracheal tube from mechanical ventilation. The time of onset of CA was defined by a heart rate of less than 60 beats per minute and/or a mean arterial pressure <20 mm Hg, AND loss of aortic pressure waveform fluctuation, AND absence of cardiac output on two-dimensional echocardiography. The timed duration of CA was 4 min. The asphyxial time interval was therefore defined as the period between ventilator disconnection and the commencement of resuscitation efforts. CPR was commenced after the 4-min CA period by recommencing mechanical ventilation (FiO 2 : 1.0, V T : 8 ml/ kg, positive end expiratory pressure: 4 cm H 2 0, rate: 40/min). After 30 s of uninterrupted mechanical ventilation, we initiated manual anteroposterior compression of the thorax, to one-third of its depth, at a rate of 120/min. Successful ROSC was defined by a mean arterial pressure of 40 mm Hg and a heart rate >100/min. If ROSC was not achieved by 3 min, the resuscitation medication, determined by random allocation, was administered. We chose a single time point for drug administration to ensure standardization of the methods. If there was no ROSC after an additional 2 min of resuscitation, brief echocardiography was performed to exclude pericardial effusion or fine VF as causes of failure of ROSC. In developing the experimental model, we noted that some animals had evidence of VF on echocardiography, although this was not detectable on electrocardiograph monitoring. Cardioversion was attempted if fine VF was identified
